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 In this study, the aerodynamic effects on an American football are characterized, 
especially in a tumbling, or end-over-end, motion as seen in a typical kickoff or field goal 
attempt.  The objective of this study is to establish aerodynamic coefficients for the 
dynamic motion of a tumbling American football.  A subsonic wind tunnel was used to 
recreate a range of air velocities that, when coupled with rotation rates and differing laces 
orientations, would provide a test bed for aerodynamic drag, side, and lift coefficient 
analysis.  Test results quantify effect of back-spin and top-spin on lift force.  Results 
show that the presence of laces imposes a side force in the opposite direction of the laces 
orientation.  A secondary system was installed to visualize air flow around the tumbling 
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 As the popularity of sports continues to grow around the world, emphasis on 
advanced performance in all facets of sports has increased as well.  Performance, in this 
case, refers to not only the individual athlete, but the clothing, field conditions, and 
required equipment as well.  If a particular piece of equipment is required to become a 
projectile of some sort, then that item’s aerodynamic behavior is a key link to overall 
performance.  Golf, baseball, football, and tennis are just a few examples of sports that 
use balls of varying sizes, textures, and shapes as projectiles in normal play.  Therefore, 
understanding the forces imposed by the air flowing over these sports balls is paramount 
to increasing individual and/or team athletic performance. 
Determining these aerodynamic effects has long been a challenging task to 
undertake, however.  The varying dynamic behavior of a ball in flight produces a 
challenge in recreating the ball’s exact behavior in a controlled, laboratory setting, in an 
attempt to extract aerodynamic coefficients.  In the case of the American football, for 
example, the approximately axisymmetric shape of the ball places an importance on ball 
orientation, in regards to proper performance.  Therefore, any aerodynamic test would 
have to take into account the corresponding orientation for each simulated game 
situation.  Another challenge to overcome presents itself with the composition of the ball 
itself.  An American football is one example of an inflated sports ball, i.e., an internal 
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bladder is used to hold air at a high enough pressure to provide the ball with the required 
rigidity.  Finding a way to secure an inflated ball during aerodynamic testing is always a 
challenge for the tester. 
In this particular study, the aerodynamic coefficients of an American football are 
measured, especially as seen in a tumbling, or end-over-end, condition.  This dynamic 
behavior would be seen in playing conditions during a kickoff or field goal attempt.  In 
either event, the kicking player must make contact with the ball with the player’s foot and 
send the ball travelling down the field with a projectile motion.  During a kickoff, the 
typical objective is to displace the ball as far downfield as possible.  The objective of a 
field goal, however, is to send the ball on a trajectory that will pass in-between two 
upright goalposts.  In either scenario, knowledge of the flight behavior of the ball is 
paramount to the successful completion of the attempt. 
Prior aerodynamic analyses of sports balls have focused on a variety of ball types 
and specific game scenarios.  Staying within the confines of research on ellipsoidal, air-
filled balls, Rae and Streit1 conducted wind tunnel tests on a spiraling American football.  
The supported football was spun about its longitudinal axis at a set rate and subjected to a 
steady wind speed of 60 mph.  Forces normal to and axial to the ball’s longitudinal axis 
were measured, as well as side force and pitching, yawing, and rolling torques.  All 
measurements were then analyzed as a function of wind (or pitch) angle, i.e. the angle 
between the longitudinal axis and the air flow direction.  Watts and Moore2 conducted 
wind tunnel tests on an American football but focused specifically on the drag force on 
the ball.  The ball was supported by vertical shafts from the top of the wind tunnel test 
section.  Tests involved subjecting the ball to a series of wind speeds, while either 
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holding the ball at a constant rotation speed or stationary.  Seo et al.3 studied the 
aerodynamic coefficients of a spiraling rugby ball using wind tunnel testing.  The ball 
was subjected to a variety of wind speeds, rotation speeds, and pitch angles in a similar 
manner to Rae and Streit.1   
In 2013, Lee et al.4 conducted a study of the trajectory of an American football 
during a tumbling flight.  The purpose of this study was to quantify the effects of initial 
conditions on the accuracy of an end-over-end kick by simulating kick trajectory.  Since 
no known work has been completed on wind tunnel tests of a tumbling American 
football, Lee et al.4 chose to use the aerodynamic coefficients found by the previously 
mentioned authors on spiraling footballs, modified to fit a tumbling case.  This was 
accomplished by interpolating the equations for aerodynamic coefficients through an 
entire tumbling rotation by manipulations in signs and magnitudes through the known 
pitch range.  After these manipulations, Lee et al.4 could then use varying sets of initial 
conditions to study the changes in trajectory of an end-over-end kick. 
The objective of this study is to establish aerodynamic coefficients for the 
dynamic motion of a tumbling American football.  It is this author’s contention that the 
aerodynamic coefficients of tumbling football cannot simply be inferred from static tests 
at varying pitch angles.  The dynamic nature of a tumbling ball in flight should produce a 
differing set of aerodynamic coefficients than static tests.  To test this hypothesis, 

















Experimental testing was completed using the subsonic wind tunnel in Patterson 
Engineering Lab on the campus of Mississippi State University (MSU).  Testing required 
the construction of a support mount that would enable the football to be held securely but 
also allow controlled rotation to simulate the tumbling condition.  Traditional approaches 
to a support mount for a tumbling ball required using two vertical supports to clamp the 
ball horizontally on either side.  This shape would resemble football field goal posts and 
would require the addition of excess support structure to be present in the flow.  
Alternatively, in this study, the ball was mounted in the wind tunnel test section with the 
rotation axis oriented vertically (rather than horizontally), and after analysis, the side and 
lift force directions from the tunnel measurements were switched to describe force 
direction for a game scenario.  This approach would allow for only one small vertical 
support to be present in the flow.  The football used in testing was a Wilson 1003 GST5, 
designated for collegiate games.  
  
2.1 Ball Mount 
 
 Throughout the testing design process, care was taken to simulate game-like 
conditions for the ball itself, as well as minimize the amount of structure required to be 
present in the air flow.  A ball mounting procedure was chosen that would keep the 
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bladder intact and eliminate the need for foam or adhesive along seam lines.  The most 
accessible entry point for work on the interior of the ball was deemed to be the large laces 
along the middle of the ball.  A repeatable routine was developed for unlacing and lacing 
a ball using a long flathead screwdriver, with an added slit near the tip, as a specialized 
lacing tool.  This enabled a ball to be fitted with an internal mount and still be able to 
look and feel relatively unaltered. 
 Once the lacing routine was established, the location of the internal mount could 
be determined.  To maintain stability of the tumbling ball, the axis of rotation should run 
through the approximate center of gravity of the ball.  Mounting the rod perpendicular to 
the leather skin and through a point along the ball’s center circular circumference, located 
about the midpoint of the longitudinal axis, would accomplish this requirement.  The 
mounting points were found by placing a football in a lathe and applying a slow rotation, 
as shown in Figure 2.1.  A circle could then be drawn on the ball, along this circular 




Figure 2.1 Ball rotation on lathe 
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 Once the mounting circle was drawn, mounting points along the circle could be 
added.  Mounting points were formed by unlacing the football, deflating the bladder 
fully, pulling the bladder away from the interior wall near the chosen point, and drilling a 
hole through the leather and interior cloth at each chosen point.  A 0.25” × 20 machine 
screw was chosen to connect the support mount to the rotating rod, and therefore, a 0.25” 
drill bit was used to form the hole for each point.  Care must be taken during drilling to 
not puncture the internal bladder. 
 A support mount was required to maintain the proper orientation of the football 
relative to the rotating rod.  Early attempts to attach the ball to the rod without a support 
mount resulted in the ball rolling to a side of the rod when held vertically.  Some sort of 
support was needed to increase the contact area along the skin.  Figure 2.2 shows the top 
view of the final mount and the configuration of the mount and screw before being 
inserted into the ball.  The mount was originally a circular disc with a diameter of 2.25’’ 
and a 0.5’’ thickness.  The piece was then shaped with a file and sandpaper to match the 
interior curvature of the ball.  A center groove was added to accommodate mounting 
points that may have to run through seams along the quarter panels.   
 
(a)       (b)  
 
Figure 2.2 Wooden internal support mount 
(a) Top view of the support mount 
(b) Isometric view of support mount and screw configuration 
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 After the wooden support and screw were assembled, the entire mount could be 
added to the ball.  The screw would pass radially from the interior of the ball through the 
mounting hole.  The bladder could then be inflated and the laces redone.  Lastly, one 
large washer, a few smaller washers, if needed, and an appropriate machine screw nut 
could be secured to the screw to create a stable connection between the internal support 
and skin.  The final configuration of an inflated ball with support mount and exposed 




Figure 2.3 Final mount configuration in ball 
 
 
2.2 Support Structure 
 
Support of the football in the wind tunnel test section was completed by building 
hardware that would hold the ball securely and be free to rotate at a controlled rate.  In 
order to take accurate force data, the ball was required to be mounted vertically over the 
center of the test section force balance.  The force balance had a preexisting hole that 
denoted the center of the balance.  The ball was also required to be mounted in the 
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vertical center of the test section, which was approximately 18’’ above the floor of the 
section.  At this point, the remaining structure could be put into place for testing. 
Minimizing the amount of structure exposed to the flow drove the decision to use 
a single rod to connect the ball to the force balance.  A hardened, precision steel shaft 
measuring 0.5 inches in outer diameter and 24 inches in length was chosen.  This rod 
would provide the required stiffness to hold the rotating ball steady.  The smooth surface 
finish limited added drag to the mount.  The rod was also ordered with a manufactured 
hole in one end that was tapped to fit the 0.25 inch × 20 machine screw used in the ball 
mount.  This allowed the ball to easily be removed from the rod between testings.  To 
allow for the free rotation of rod, a doubled-sealed, precision, steel ball bearing was used 
to slide around the 0.5 inches rod and fit into the hole in the force balance adapter plate. 
Preliminary rotation of the ball and rod system resulted in a precession of the 
center of the football.  To correct this movement, a stabilization structure was added to 
the underside of the top plate of the force balance.  Figure 2.4 (a) shows the aluminum 
stabilization structure after being removed from the force balance.  The larger top plate 
was used as an adapter plate to limit damage to the force balance itself.  Figure 2.4 (b) 
shows an additional ball bearing added to the bottom plate, along with two support panels 
restricting side –to-side movement of the rod.  A third support panel was added to an 
orthogonal edge of the structure, but was removed for the image.  This panel added 
stability to the rod along the air flow direction.  Figure 2.5 shows the completed assembly 
inside of the force balance cage, complete with the third support panel.   
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(a)           (b)  
 
Figure 2.4 Stabilization structure 
 
(a) Isolated view of assembled structure 





Figure 2.5 Stabilization structure mounted in force balance 
 
 
2.3 Rotational Mechanism 
 
 Wind tunnel testing required that the rod assembly be rotated at a constant, 
controlled rate.  A PASCO motor drive6 and pyrathane drive belt were used to provide 
the rotation mechanism.  The motor drive provides a three-tier contact surface for the 
drive belt to provide multiple options for rotation rate ratios to the vertical rod.  An 
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adapter plate was used to provide an attachment point for the motor drive, without 
requiring modification to the force balance top surface.  The attachment point location 
was chosen to maintain drive belt tension, while a collar was added to the vertical rod to 
keep the drive belt in place.  A set screw was added in the adapter plate to maintain motor 
orientation.  The motor drive was controlled with a DC programmable power supply7 to 
adjust input voltages to the motor and, therefore, rotation rates.  The electrical input wires 
were long enough to allow the power supply to be available outside of the force balance.  
Therefore, rotation rates could be modified while the wind tunnel was in operation, 
without causing errors to the force balance. 
 Ball rotation rate was measured using a PASCO photogate8 mounted to the top 
adapter plate.  The emitted laser from the photogate would pass through a hole in the 
drive belt collar once every rotation and be broken during the remainder of the rod 
rotation.  The photogate would then output the time-stamped voltage data (1 or 0) 
through the USB connection port where the PASCO DataStudio9 software recorded the 
output.  The high or low output, coupled with the respective time-stamp, would yield 
time-specific, angular rotation rates that would then be adjusted, if needed, by using the 
power supply.  The photogate was also mounted to the adapter plate with a set screw 
maintaining proper orientation.  Figure 2.6 shows the motor drive and photogate 





Figure 2.6 Rotational mechanism configuration 
 
 
2.4 Structure Fairing 
 
After installation of the motor and photogate, a small portion of the rotational 
mechanism protruded above the bottom surface of the test section.  To protect against 
subsequent air flow disruption, a fairing was added to the bottom surface of the test 
section.  The design of the fairing would be required to manipulate the flow around the 
rotation assembly, without creating turbulence in the flow.  This fairing was created by 
modifying a plastic rocket nose cone with an outer diameter of 7.51 inches from Loc 
Precision.10   After removing the rocket nose cone attachment surface, the nose cone was 
split longitudinally and connected at the two wide ends using four small screws.  The new 
configuration measured 3.67ft in length while maintaining the maximum height of 3.75 
inches near the middle.  A hole was drilled 1 inch ahead of the connection line to allow 
for the rotating rod.  After being slid over the rod mount in the wind tunnel test section, 
the fairing was mounted to the bottom surface using two corner braces located on the 
inside of the fairing.  After installation, wind protection tape was added along the entire 
connection surface between the fairing and the test section bottom surface, as well as 
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covering the screw heads exposed to the flow.  This tape allowed the air to flow smoothly 
around any protrusions and prevent air from running underneath the fairing, causing 
vibration or possible damage.  The original rocket nose cone, completed fairing, and total 
test section assembly are shown respectively in Figure 2.7.   
 




Figure 2.7 Fairing construction stages 
 
(a) Unaltered plastic nose cone 
(b) Completed fairing assembly 





 Before football force data collection began, the wind tunnel force balance was 
tested to ensure that data output accurately represented applied loads.  To accomplish this 
check, calibration mounts were constructed to provide a means of applying a series of 
known forces to the rotational rod, from various directions.  The force balance makes use 
of strain gauges, oriented along wind tunnel principal axes, to output a voltage based on 
the magnitude of the applied load.  The strain gauges are oriented so that drag, side, and 
lift force can be measured.  Figure 2.8 serves as a diagram to label the positive directions 
of the previously listed forces, in relation to the air flow direction and test section 
orientation. Previous researchers at MSU have completed an extensive series of 
calibration tests to determine the linear coefficients to relate output voltage to applied 
force.  This calibration procedure proved to simply be a check of those coefficients for 




Figure 2.8 Force directions for calibration mounts in wind tunnel test section 
14 
 The calibration mounts were designed to use a series of hanging weights to 
provide the needed forces.  Each of the three mount orientations was designed to apply a 
force at a single point on the rotating rod.  Each weight was tied to thin, non-stretching, 
nylon line that was, in turn, passed over a pulley and connected to the rotating rod, via a 
collar and eyebolt.  The pulley enabled the force to be applied along the desired direction.  
An aluminum collar was fashioned to ensure that the point of force application coincided 
with the center of gravity of the football.   The mount structure made use of a vertical 
shaft that could be raised or lowered to ensure the proper force application direction.  The 
base of the mount was attached to a wooden disc that could be rotated about the rotating 
rod.  Therefore, the same calibration mount could be used for both drag and side force 
calibration tests.  Figure 2.9 shows the calibration mount with hanging weight in an 









 The calibration mount for the lift force was very similar to that of the drag and 
side mount.  The lift mount used the same mount structure as the drag and side mount, 
with the exception of a much larger pulley.  This modification was done to enable the 
force application direction to be parallel to the rotating rod, while still allowing clearance 




Figure 2.10 Lift force calibration mount setup 
 
 
 Calibration tests were completed by sampling the force balance outputs for each 
added hanging weight.  Weights were added in increasing amounts, as outlined in Table 
2.1, and were allowed to settle in place before each force measurement was taken.  The 
approximately 0.25 lbf weight increments in the lower range were chosen in order to 
offer numerous data points for later analysis.  The approximate weight ranges were 
chosen based on the known performance capabilities of the force balance strain gauges.  
Calibration tests were conducted with the wind tunnel in operation to simulate any 
vibration in the force balance that may be encountered in testing conditions.  Although no 
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air velocity input was selected, a small amount of air flow was present in the test section.  
Therefore, a large wind screen was placed over the calibration mount during testing to 
remove the possibility of wind interference on the force measurements.  
 
Table 2.1 Calibration Test Order by Weights (lbf) 
 
 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Drag 0.00 0.25 0.50 0.75 0.99 1.24 1.49 1.99 2.49 3.00 3.50 4.00 
  Side 0.00 0.25 0.56 0.81 1.00 1.25 1.56 2.01 2.57 3.00 3.56 
   Lift 
 
0.25 0.50 0.75 1.02 1.27 1.52 2.01 2.51 3.01 3.51 4.02 4.52 5.03 
 
 
2.6 Data Acquisition 
 
 Data acquisition was completed using a pre-existing National Instruments 
LabVIEWTM program built into the wind tunnel control computer.  The program was also 
designed to control the wind tunnel by starting and stopping the propeller and receiving 
user inputs to control air velocity by mechanically adjusting the pitch angle on the 
propeller blades.  Upon starting the control program’s initialization process, the control 
program would request the user to input the room’s air pressure, as read from a digital 
barometer located near the wind tunnel.  This air pressure would be used in later 
calculations of air density and in data output of dynamic pressure.  Before the control 
program would begin propeller rotation, an initialization (in effect, a tare) of the force 
balance would be carried out.  This process would therefore remove the inherent weight 
of the force balance, ball support assembly, rotation mechanism, and the football itself 
from the force outputs.  Once initialization was complete, the propeller would begin 
rotating and desired wind velocity could be input into the control program. 
17 
 Once the desired wind velocity was reached, force balance measurements could 
be taken.  The user was given the option to take a single set of force measurements, or 
data run, or a range of data runs taken consecutively.  The procedure by which data 
samples were collected by the control program was outlined as follows in a Master’s 
thesis by Amar Amin,11 following wind tunnel research at Mississippi State University. 
“Data were acquired from the force balance via a LabVIEW Sub-VI in the 
main program and a digital multiplexer connected to a precision digital 
multi-meter. A LabVIEW Sub-VI is a subroutine in the main program. 
This sub-vi allowed the user to obtain data by simply pressing a button 
named “Take Data Point.” … The digital multi-meter read a group or 
“burst” of 24 samples from a given channel at a rate of 2,000 Hz, 
computed an average for this burst and passed it on to the LabVIEW 
program. For each press of the “Take Data Point” button (a “press”) the 
LabVIEW program cycled through the various channels and acquired 15 
of these averages for each of lift and drag, 4 of these averages for dynamic 
pressure, 30 for side force, 15 for pitching moment and 4 for temperature. 
The LabVIEW program took these data (which were averages themselves) 
and averaged them to produce a final number for lift, drag, dynamic 
pressure, etc. … A total of approximately eight seconds was required to 
obtain the final results from one press.” 
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2.7 Testing Parameters and Procedure 
 
 Determination of the aerodynamic coefficients of a tumbling American football 
required the conduction of an extensive series of wind tunnel tests.  To determine what 
effect, if any, the football’s dynamic flight characteristics have upon these aerodynamic 
coefficients, a set of independent variables relating to tumbling flight was chosen as the 
basis for wind tunnel testing.  For any given tumbling football flight, the ball’s transverse 
rotation rate (tumbling rate), rotation direction, and air speed were identified as 
controllable characteristics that could be recreated in a laboratory setting in a wind 
tunnel.  The orientation of the raised external laces was also chosen as an independent 
variable in testing.  Commonplace descriptions of proper field goal kicking procedures 
suggest that the laces of a football be placed directly opposite of the contact point 
between the football and the kicker’s foot.  Varying the location of the laces during 
testing might illuminate any effect the laces might have on aerodynamic coefficients.  
 Testing a range of laces orientations was accomplished by placing the interior ball 
mount at various locations along the drawn mounting circle on the football.  Four mount 
locations were chosen for wind tunnel testing.  The “top” laces orientation is shown in 
Figure 2.11 (a) and was achieved by placing the mount at the crossing of the centerline 
and the seam directly opposite the laces.  Figure 2.11 (b) shows the “side” laces 
orientation.  This orientation was achieved by placing the mount along the seam and 
centerline crossing on the opposite side of either leather quarter panel adjacent to the 
laces.  The other two mount locations were selected to act as intermediary data points 
between the neutral orientation (“side”) and the farthest orientation (“top”).  These were 
located approximately 45° along the centerline, both above and below, the side 
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orientation, and were named “45 up” and “45 down” accordingly.  These two laces 
orientations are shown in Figure 2.11 (c) and (d) respectively.  A fifth laces orientation 
located at the bottom of the football during testing was originally conceived but 
ultimately not implemented due to interference between the rotating rod and mount with 
the laces themselves.   
 
(a)           (b)  
(c)             (d)  
Figure 2.11 Series of laces orientations during testing 
(a) Top orientation 
(b) Side orientation 
(c) 45 up orientation 
(d) 45 down orientation 
 
 
 The procedure for wind tunnel testing would begin with the selection of the 
desired football laces orientation.  This primary selection was due to the time requirement 
of approximately 20 minutes for changing mount locations.  Once one of the four laces 
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orientations was chosen, the typical test matrix included positive and negative rotation 
rates of 260, 300, 360, and 400 rpm and wind speeds of 45, 65, 85, and 105 fps.  Positive 
rotation rates were defined as counter-clockwise rotations of the football as seen from the 
top of the test section looking down.  The testing procedure would begin with a chosen 
ball rotation rate, followed by ranging through the set of wind speeds.  Once the tunnel 
stabilized on a desired wind speed, ten data runs would be taken before proceeding. 
 Before analysis of the football data could begin, the effect of the rotating rod’s 
presence in the flow was removed.  This effect was quantified by removing the football 
from the rotating rod and replacing a thin acrylic disc, 2 inches in diameter, to the top of 
the rotating rod, as seen in Figure 2.12.  The thin disc acted as a catch to any amount of 
flow that may be directed up along the rod due to the presence of the fairing.  This tare 
setup was subjected to the same test matrix as the full ball assembly, with the exception 


















3.1 Calibration Testing 
 Calibration tests on the wind tunnel force balance yielded results that closely 
matched predicted values.  Figure 3.1 plots the linear relationship between the added 
weight to the calibration mount and the respective output of the computer control 
program, referred to as tunnel output, in addition to a black regression trendline.  For 
each added weight, ten data runs were conducted.  For this particular application, only the 
drag output force was considered.  Figure 3.2 shows a similar relationship between added 
weight and tunnel output for side force as was seen in Figure 3.1.  However, the data 
trend clipped at around 3.00 lbf of added weight, due to the load cell reaching its range 
maximum.  Therefore, Figure 3.3 shows only the calibration up to approximately 2.50 
lbf, in order to encompass the operational range of the side force load cell.   
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Figure 3.3 Side calibration using only data before maximum clip 
 
 
The results for the lift force calibration did not reveal the real behavior of the lift 
load cell as directly as the drag and side load cell.  The orientation of the lift force 
calibration mount was not able to apply the force from the hanging weights directly 
parallel to the rotational rod.  Instead, a portion of the force was applied in the side force 
direction, in addition to the lift force direction.  To accommodate for this, the applied 
force was treated as the hypotenuse of a right triangle formed by the force seen by the 
side load cell and the force seen by the lift load cell.  A conceptualization of this 
relationship is shown in Figure 3.4.  After applying the new calibration values to the side 
force output, the lift force output needed for comparison was calculated by removing the 
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theorem.  Once the proper portion of the added weight applied in the lift direction was 
calculated, the relationship between this fractioned applied force and the lift output from 
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Table 3.1 reports the linear regression coefficients and R2 value for each black 
linear regression trendline in Figures 3.1, 3.3, and 3.5.  Each linear regression reports R2 
values very near to one, which is an indication that the output of the control program has 
a linear relationship to the amount of applied force.   All three regression slopes have an 
approximate value of one, which shows that the prior calibration to the wind tunnel force 
balance is still valid.  A regression offset near zero further shows that no major 
modification to the output of the computer control program is needed for analysis.  
However, these calibration constants were applied to all data output from the control 
computer prior to aerodynamic coefficient analysis. 
 
Table 3.1 Linear Regression Coefficients 
 
 Regression Slope Regression Offset R2 Value 
Drag 1.01644 -0.00895 0.99966 
Side 1.02514 0.00993 0.99995 
Lift 1.00897 -0.01695 0.99937 
 
 
3.2 Tare Testing 
 Wind tunnel testing on the tare configuration was completed over the course of 
several hours in a single day.  The testing process began with a negative rotation rate of 
260 rpm, taking ten data runs at each targeted air velocity until all selected air velocities 
and rotation rates were tested, with a total of 320 data runs.  Upon analysis of the tunnel 
output data, the first observed trend in the data is temperature rise of the air in the wind 
tunnel as a function of the chronological order of the data runs recorded, as shown in 
Figure 3.6.  As tests are continuously run over a long period of time, the flowing air runs 
across the large electric motor and propeller blades on each pass, resulting in a large 
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amount of heat added to the air.  This temperature rise also affects the air density data 
from the tunnel, as shown in Figure 3.7.  As the temperature rises, the air density 
decreases.  Therefore, a constant air density for all tests cannot be assumed during force 
analysis.  This density change has an effect on the analysis of the forces on the mount due 
to the inclusion of air density in the control computer’s calculation of dynamic pressure.   
 
    
 









 Figures 3.8 (a), 3.9, and 3.10 show the control computer output for aerodynamic 
drag, side, and lift forces respectively, organized by testing run order.  Each graph is 
color coded to differentiate between rod rotation speeds, with marker differentiation for 
rotation direction.  Each combination of rotation speed and direction is composed of forty 
data runs, with ten runs for each of the four air velocity stages (45, 65, 85, and 105 fps).  
For example from Figure 3.8 (a), if the drag force output from tests at 300 rpm were 
selected, run numbers 201 – 210 would represent the forces measured from an air 
velocity of 45 fps.  Run numbers 211 – 220 would represent forces measured from an air 
velocity of 65 fps, and so forth as shown in Figure 3.8 (b).  
 
(a)  (b)  
 
Figure 3.8 Drag force output 
 
(a) Full drag force output 











Figure 3.10 Lift force output 
 
 Further examination of Figures 3.8 – 3.10 reveal that the predominant force 
experienced by the tare configuration is the drag on the rotating rod.  The majority of the 
side and lift forces experienced by the rod range from 0 – 0.03 lbf, as compared to the 0 – 
0.6 lbf in the drag direction.  However, the side and lift forces should still be accounted 
for in supplemental full football analysis. 
 In order to isolate the effect of the tare configuration, the aerodynamic 
coefficients for the tare setup were obtained using wind tunnel output.  The drag force 
(D) can be characterized by 𝐷 = 1
2
𝜌𝑉2𝐴𝐶𝐷. Here, ρ is the air density, V is the air 
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velocity, A is the projected frontal area of the rotating rod, and CD is the drag coefficient.  
The exposed portion of the rotating rod measured 11.25 inches in height, yielding a 
frontal area of 5.625 in2.  Once the drag output from the control computer was adjusted 
using the calibration equation, the drag coefficient was resolved using the computer 
outputs for ρ and V.  The side and lift coefficients were also resolved in this same 
manner.  Figures 3.11, 3.12, and 3.13 show the calculated aerodynamic coefficients, 












Figure 3.13 Lift coefficients for tare configuration 
 
 
 A multivariate regression was performed on the three sets of aerodynamic 
coefficients in order to enable the effect of the tare configuration to be removed from the 
football test data.  The linear least squares statistical regression method was performed 
using air velocity and rotation rate as the independent variables to predict coefficient 
response.  Both a linear and a 2nd order polynomial regression model were tested, with 
the polynomial model resulting in higher R2 regression values.  Table 3.2 displays the R2 
value of the regression for each aerodynamic coefficient, as well as the five coefficients 
of the regression output model as organized by Equation 3.1.  Two examples of the 
application of the least square fits to the observed data points are shown in Figure 3.14.    
 
𝐶𝐷 = 𝐶0 + 𝐶1𝑉 + 𝐶2𝜔 + 𝐶3𝑉
2 + 𝐶4𝜔
2                              (3.1) 
 
 
Table 3.2 Least Squares Regression Results Using Polynomial Model 
 
 R2 Value C0 C1 C2 C3 C4 
Drag Coeff. 0.409 1.27E+00 -4.05E-03 -3.21E-05 2.31E-05 5.13E-09 
Side Coeff. 0.822 2.82E-01 -4.12E-03 7.49E-05 1.89E-05 -1.57E-07 
Lift Coeff. 0.511 -5.00E-01 1.03E-02 5.63E-05 -5.45E-05 -2.66E-07 
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(a)  (b)  
 
Figure 3.14 Multivariate regression predictions for aerodynamic coefficients 
 
(a) Drag coefficients for tests with air velocity of 105 fps 
(b) Side coefficients for tests with rotation rate of positive 260 rpm 
 
 
3.3 Full Football Testing 
 
 Wind tunnel testing of the full tumbling football configuration was conducted 
over the course of approximately two weeks.  To avoid overheating of the electric motor 
for the wind tunnel propeller, testing sessions were limited to two hour blocks.  Between 
testing sessions, the wind tunnel was completely shut down and allowed to cool.  
Analysis of the aerodynamic force outputs began with the application of the calibration 
equations to calculate the modified aerodynamic forces.  For each data run, the air 
velocity, rotation rate, and modified force were input into Equation 3.1 to calculate the 
respective set of aerodynamic coefficients on the tare configuration from the regression 
analysis.  Using these coefficients, the aerodynamic forces on the tare configuration were 
calculated.  The predicted tare forces were then removed from the modified force outputs 
from the control computer program, to reveal the aerodynamic forces experienced by the 
tumbling football.  Figure 3.15 contains a plot of the drag forces on the football for the 45 
down laces orientation.  The forces are organized in the same manner as the tare forces 
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shown in Figure 3.8 (a).  Figures A.1 - A.3, found in Appendix A, show the aerodynamic 




Figure 3.15 Drag forces for 45 down laces orientation 
 
 
 Calculation of the aerodynamic coefficients of the football was completed using 
the same procedure as outlined in the tare testing analysis.  In the tare analysis, the 
projected frontal area of a rotating rod was simply the product of the height and diameter 
of the rod.  However, the exact projected frontal area of a tumbling football cannot be 
directly obtained in this case.  The averaging nature of the data acquisition suggests that 
an averaged estimation of the frontal area must be used.  Following the method used by 
Lee et al.,4 the projected frontal area was estimated by raising the volume of the football 
(0.004 m3) to the 2/3 power.  This allows the projected frontal area to be an estimate of 
the average frontal area encountered by the air flow, and the area would then also not 
have to be a defined as a function of the angle of attack, or angle between the longitudinal 
axis and air flow direction.  An example of the distribution of the side coefficients for the 
45 down laces orientation is shown in Figure 3.16.  The full football coefficients are 














DISCUSSION OF RESULTS 
 
 
4.1 Multivariate Regression to Coefficient Data 
 
 A multivariate regression was conducted on the ball aerodynamic coefficients to 
illustrate the effect of the various test parameters.  As was completed for the tare testing, 
a linear least squares regression was performed for each set of coefficients using air 
velocity, rotation rate, and laces orientation as the independent variables.  Using laces 
orientation as an independent variable required the assignment of a set of numerical 
values to represent the four chosen orientations.  The magnitudes of the individual values 
were not necessarily as important as the range of values assigned or the relative 
numerical spacing amongst the set of variables.  The initial choice for the value range 
began at zero for the discarded orientation where the laces would face directly down 
along the rotating rod, and the values would peak at one, where the laces were in the top 
orientation.  Keeping a constant spacing between each orientation resulted in the set of 
laces values labeled as Laces 1 in Table 4.1.  However, the side orientation of the laces 
was also considered to be a neutral orientation in common kick techniques.  Therefore, an 
arbitrary value of one was placed on the side laces orientation with constant steps above 
or below this mounting circle to produce the Laces 2 set of values.  Once both sets of 
values were established, each set was input as independent variables in the regression and 
was chosen for final reporting based off of overall R2 value.   
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Table 4.1 Assigned Values for Laces Orientations 
 
 45 Down Side 45 Up Top 
Laces 1 0.25 0.50 0.75 1.00 
Laces 2 2.00 1.00 2.00 3.00 
 
 
 Various combinations of specific independent variables were used to find the 
most accurate least squares fit for each coefficient.  Linear combinations of air velocity, 
rotation rate, and either laces set were tested for the highest R2 value.  The absolute 
values of the rotation rates were tested as well, from the notion that only the magnitude of 
the rotation rates would be meaningful to a particular regression.  For each linear 
combination of independent variables, a 2nd order polynomial combination of the same 
variables was tested for comparison of the R2 values.  The highest R2 value for each 
coefficient regression was achieved by using the independent variables listed in Table 
4.2, using a polynomial equation modeled after Equation 4.1. 
 
Table 4.2 Independent Variables in Coefficient Regressions 
 
 X1 X2 X3 
Drag Velocity Abs(ω) Laces 2 
Side Velocity ω Laces 2 
Lift Velocity Abs(ω) Laces 1 
 
 
𝐶𝐷 = 𝐶0 + 𝐶1𝑋1 + 𝐶2𝑋2 + 𝐶3𝑋3 + 𝐶4𝑋1
2 + 𝐶5𝑋2
2 + 𝐶6𝑋3
2                 (4.1) 
 
 
 The final results of the least squares regression are shown in Table 4.3.  
Observing the R2 value for each coefficient, the side coefficient regression is very 
accurate with a value of 0.975.  The R2 value of 0.416 on the drag coefficient is not very 
high, when compared to the side coefficient regression.  However, the overall drag 
35 
coefficient does not tend to fall outside of the range of 0.6-0.8 often, regardless of air 
velocity, rotation rate, or laces orientation.  Therefore, the majority of inaccuracy in the 
regression is due to the natural deviation in the data for a given set of variable 
parameters.  Figure 4.1 shows an example of the application of the least squares fits to lift 
coefficient data.  A single rotation rate of -260 rpm was selected to demonstrate the 
variation of the lift coefficients with air velocity and laces orientation.  The circle 
markers indicate the least squares fits for the coefficients, arranged with their respective 
laces orientation.  Figure 4.1 also reveals that not each regression fit falls within the 
observed data.  However, for the overall set of observed values for each coefficient, the 
regression captures enough of the data trends to form generalizations on coefficient 
behavior from input variables. 
 
Table 4.3 Least Squares Regression Results 
 
 Drag Side Lift 
R2 Value 0.416 0.975 0.671 
C0 5.66E-01 1.67E-01 -8.13E-01 
C1 -2.52E-03 -5.89E-04 -3.89E-03 
C2 1.60E-03 8.46E-04 6.52E-03 
C3 -1.33E-01 -1.33E-01 5.58E-01 
C4 1.27E-05 3.00E-06 1.89E-05 
C5 -1.74E-06 8.52E-09 -9.38E-06 






Figure 4.1 Lift coefficients at -260 rpm 
 
 
4.2 Flow Visualizations 
 
 Upon completion of the entire test matrix for the full football system, a secondary 
experiment was added to the wind tunnel test section as a qualitative check of the flow 
around the ball.  To visualize the behavior of the air flow around the ball, a metal screen 
and wooden mount were placed approximately 7’’ downwind of the ball, just at the edge 
of the test section.  The screen was fitted with threads of various colors, tied in concentric 
diamonds to enable the disruptions in the air flow to be seen.  Figure 4.2 shows the 
orientation of the screen and mount in the wind tunnel test section.  Additional layers of 
threads were added to encompass the entirety of the wake around the tumbling ball 





Figure 4.2 Visualization screen orientation 
 
 
 A small digital camera was inserted downwind of the tumbling ball to remove the 
possibility of inadvertent flow disruption.  The GoPro Hero 3+ Black Edition digital 
camera was selected due to the camera’s small size, attachment features, and recording 
capabilities.  The camera was mounted to an adjustable height tripod and inserted through 
a hole in the bottom of the wind tunnel, approximately 2ft behind the visualization 
screen.  The GoPro camera was also controllable through a wireless signal from a 
smartphone, enabling the camera to be mounted in the flow, level with the center of the 
ball during testing.   
 A trial and error procedure was undertaken to find the combination of rotation 
speed and air velocity that enabled the camera to capture the cleanest thread motions.  
The camera was set to record video at 720p resolution at 120 frames per second.  After 
multiple trials, the chosen test parameters were a rotation rate of ± 300 rpm and an air 
velocity of 65 fps.  With these parameters set, the laces orientation and rotation direction 
were treated as the independent variables, and a set of eight videos, approximately 5 sec 
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apiece, were recorded.  From the prior full football testing, the side and lift coefficients 
for the chosen visualization test parameters are plotted in Figure 4.3, with the circle 
markers indicating negative rotation direction.  Due to the orientation of the camera 




Figure 4.3 Side and lift coefficients from video testing parameters 
 
 
 Review of the video shows that qualitatively, the air flow around the rotating ball 
follows the directions prescribed by the calculated aerodynamic coefficients.  The threads 
that are disrupted from the standard diamond shape reveal that air is being pushed at an 
angle away from the center of the ball, suggesting turbulent air flow in this direction.  
This turbulent air pushes the football in the opposite direction of the disrupted thread 
path.  Therefore, the thread path in Figure 4.4 (a) would suggest that the football should 
experience positive lift force and negative side force, with positive force directions 
detailed in Figure 2.8.  Using the respective rotation direction and laces orientation, the 
aerodynamic coefficients in Figure 4.3 qualitatively match those observed in Figure 4.4 
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(a).  Quantitative comparisons between the flow visualization and coefficient calculations 
cannot be drawn since the presence of the screen could cause slight flow disruption.  
 
(a)  (b)      
 
(c)  (d)  
 
Figure 4.4 Flow visualization images 
 
(a) 45 down laces orientation, negative rotation direction 
(b) 45 down laces orientation, positive rotation direction 
(c) Top laces orientation, negative rotation direction 
(d) Top laces orientation, positive rotation direction 
 
 
 Trends in the coefficient behaviors can also be observed using Figure 4.4.  For 
example, the sign of the side coefficient shifts between positive and negative values 
based on the rotation direction of the football.  This behavior can be seen when 
comparing Figure 4.4 (a) and (b) or (c) and (d).  Figure 4.4 (a) has flow disruption on the 
left side of the screen while (b) has flow disruption on right side, suggesting rotation 
direction is the cause of this force sign switch.  Comparing changes in laces orientation 
for a constant rotation direction, as seen in (b) and (d), shows that thread disruption shifts 
from a downward direction to an upward direction as the laces orientation moves upward.  
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Therefore, the 45 down orientation should have positive lift, while the top orientation 
should have negative lift.  This trend can be confirmed by Figure 4.3.  
 Full video of the flow visualization also reveals that the thread disruption is not of 
a constant magnitude.  The threads tend to pulse and shift slightly in direction based on 
the respective orientation of the football.  Since the screen was located 7’’ away from the 
ball tip, the ball would rotate approximately 16° during the time span from when the air 
passed over the ball until screen contact.  Therefore, the largest pulses in the threads, as 
seen in the images in Figure 4.4, occurred when the ball’s longitudinal axis was 
approximately perpendicular to the flow.  The smallest disruptions in threads tended to 
occur when the longitudinal axis was parallel to the flow.  This overall trend suggests that 
the side and lift coefficients should ultimately be dependent on the orientation of the 
football with respect to the flow direction.  However, due to the averaging nature of the 
wind tunnel control program, the time-dependent force data was not accessible, and 
future experimentation should take this flow behavior into consideration. 
 
4.3 Testing Complications 
 Throughout the course of testing, maintaining a stable rotation rate during data 
acquisition would become difficult for certain test parameters.  The football and rotating 
rod would vibrate as the ball approached 300 – 360 rpm, in both the positive and negative 
directions.  This slight vibration was acceptable for data measurement through air 
velocities of 45 and 65 fps.  However, as the air velocity approached 105 fps, the entire 
mount began to shake violently.  Therefore, tests at 105 fps for certain rotation rates and 
laces orientations were skipped, in order to maintain the integrity of the force balance 
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structure.  This vibration is most likely due to the excitation of the natural frequency of 
the force balance itself.  If the center of gravity of the football was not located directly 
above the center of the force balance, then approaching the natural frequency could result 
in such a violent vibration. 
 Another unforeseen byproduct of approaching the natural frequency was the 
difficulty in maintaining the desired rotation rate.  As the air velocity increased through a 
series of tests, the football would spontaneously tend to either increase or decrease in 
rotation rate, to avoid exciting the natural frequency.  Once the new spin rate was 
naturally obtained, the majority of cases would show very little vibration.  In some cases, 
as the voltage to the DC motor was increased to speed up the rotation, the football would 
make a dramatic jump in rotation rate and overshoot the target rate.  Then, the voltage to 
the DC motor would be turned down to very low voltages, while the football would 
maintain the overshot rotation rate.  For most trials, the voltage input could be 
manipulated so that the desired rotation rate of the football could be attained.  However, 
if the exact rotation rate was not able to be reached, the closest available stable rotation 
rate was recorded for each set of data runs and used in the regression analysis.  Even 
though the specific rotation rate was recorded for each data run, the plots throughout this 
document show the general rotation rate groupings associated with the data runs.   
 Although vibration in the ball and rotating rod was present during most of the 
testing, the averaging nature of the test procedure was able to reduce the amount of 
variation in the data.  In addition, application of the least squares regression captured the 
general trends in the coefficient data.  However, as a check of this data variation, the 
standard deviation for each set of ten data runs was calculated and plotted in Figure 4.5, 
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according to the testing order.  The average standard deviation for the drag and side 
coefficient respectively are 0.0387 and 0.0186.  Nearly all standard deviation values for 
these two coefficients fall within 20% of that run’s mean, and are acceptable from natural 
vibration.  The lift coefficient has a higher average standard deviation of 0.0724.  This 
higher variation may be due to the vibration in the force balance.  However, the least 
squares regression was still able to obtain a 0.671 R2 value, and therefore capture the 

































 The overall results of the aerodynamic analysis of the tumbling American football 
comply with the general understanding of the behavior of rotating sports balls.  Switching 
the side and lift directions, as configured in the wind tunnel test section, aligns the forces 
on the ball as they would appear in a kick during a typical game scenario.  In this regard, 
the side force measured in the wind tunnel would correspond to the lift force experienced 
by the tumbling football.  Therefore, the perceived vertical rise throughout the flight of a 
ball experiencing back-spin was confirmed from positive side values from the tunnel 
output when rotation rate was positive.  In the same manner, the vertical drop seen from a 
ball experiencing top-spin was again seen in the tunnel output as negative side force 
values when the rotation rate was negative.   
 The effect of the laces on the side coefficient of a tumbling ball can also be 
applied to performance scenarios.  This analysis reveals that a net side force is 
experienced by the ball during tumbling flight, and that force is primarily a function of 
the orientation of the laces.  The presence of the laces on the right side of the tumbling 
ball produces a net force to the left, as seen in the coefficient data from the tunnel when a 
negative lift force was experienced when the laces were in the top orientation.  In this 
regard, a field goal attempt could be potentially be missed left or right if the laces were 
not in the correct initial orientation. 
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 Although the majority of the analysis results aligned with pre-conceived notions 
about the behavior of tumbling balls, a few trends in the data were unexpected.  For 
instance, the side orientation of the laces produced a positive net lift force, as seen in the 
tunnel.  This result is counter-intuitive since having the laces oriented along the direction 
of flight should not produce a flow disruption on either side of the ball.  In a game 
application, a field goal attempt that has an initial laces side orientation should travel 
directly towards the field goal uprights, barring any inadvertent side-to-side force from 
the kicker.  However, according to these results, the ball in this scenario would push 
slightly to the right throughout the flight of the ball.  Further testing may be required to 
reveal the accuracy of this result. 
 One additional limitation to this study is the absence of testing of the aerodynamic 
moments experienced by the ball during tumbling flight.  This experimental setup was 
not designed to be able to quantify the natural tendency of the ball to slow rotation speed 
throughout ball flight.  Also, the orientation of the laces does not necessarily remain 
constant throughout the duration of the flight.  Any induced moment on the ball to rotate 
about the longitudinal axis, while tumbling about a transverse axis, was not addressed 
during this study.  Additional experimentation may be required to quantify these 
aerodynamic moments. 
 Overall aerodynamic results suggest that the dynamic motion of a tumbling 
football produces a higher average drag coefficient than was predicted by Lee et al.4.  For 
the four second theoretical kick with no tilt angle analyzed by Lee et al.4, the drag 
coefficient oscillates between 0.14 and 0.85 through every 90° rotation of the ball.  
Averaging this time-dependent oscillation produces a drag coefficient mean of 
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approximately 0.5.  Results from the current study show that the average drag coefficient 
tends to lie within the range of 0.6 – 0.8, depending on specific test parameters.  So why 
then would the average drag coefficient from this study differ from those reported by Lee 
et al.4?  
One possibility is that the dynamic nature of the tumbling motion must produce 
interference to the air flowing over the ball that would not be encountered during a static 
condition.  While the exact nature of this interference cannot be fully identified through 
the current study, fundamental knowledge of the behavior of air flow may provide insight 
into this coefficient discrepancy.  During a static wind tunnel test, the flowing air has 
ample time to adjust to the shape of the football, regardless of orientation, and produce 
steady streamlines around the ball.  The inherent shape of the ball will result in turbulent 
flow on the back side of the ball, but the air will be smooth going around the ball, as seen 
in Figure 5.1 (a).  However, if the ball was rotated to another orientation quickly, the 
stable streamlines would need at least a minimum amount of time to adjust to the new 
shape of the ball.  The previously stable streamlines would become unstable until this 
time constant was reached and new streamlines could develop around the new 
orientation, as depicted in Figure 5.1 (b).  Therefore, the tumbling football may rotate 
faster than the required time constant for steady streamlines, causing the air flow around 
the ball to never become fully steady.  The residual unsteady streamlines could cause 
additional turbulent flow around the ball, resulting in a higher average drag coefficient.  
The fundamental presence of this coefficient discrepancy should highlight the need to 
conduct dynamic testing of an object if the object itself has a natural dynamic motion, 
rather than conducting a series of static tests. 
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(a)  (b)  
Figure 5.1 Air flow diagrams 
(a) Air flow around a static ball 
(b) Air flow around a quickly rotated ball 
 
 The results of the current analysis reveal that the testing of an American football 
in dynamic tumbling motion is valuable in quantifying the effects of spin rate and 
direction, as well as laces orientation.  However, the pulsing nature of the flow around the 
ball suggests that aerodynamic coefficients should be applied as a function of angle of 
attack.  In other words, the magnitude of the side and lift forces appear to vary based on 
the angle between the longitudinal axis of the football and the air velocity vector.  This 
particular variation is captured by the analysis of Lee et al.4.  But in reality, the most 
accurate description of the aerodynamic forces on a tumbling football in flight would lie 
somewhere between the two studies.  Dynamic testing that could utilize time-dependent 
force data, variations in laces orientation, and analysis of aerodynamic moments would 
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Figure A.1 Drag forces by laces orientation 
 
(a) 45 Down orientation 
(b) Side orientation 
(c) 45 Up orientation 












Figure A.2 Side forces by laces orientation 
 
(a) 45 Down orientation 
(b) Side orientation 
(c) 45 Up orientation 











Figure A.3 Lift forces by laces orientation 
 
(a) 45 Down orientation 
(b) Side orientation 
(c) 45 Up orientation 








Figure A.3 (continued) 
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Figure A.4 Drag coefficients by laces orientation 
 
(a) 45 Down orientation 
(b) Side orientation 
(c) 45 Up orientation 












Figure A.5 Side coefficients by laces orientation 
 
(a) 45 Down orientation 
(b) Side orientation 
(c) 45 Up orientation 











Figure A.6 Lift coefficients by laces orientation 
 
(a) 45 Down orientation 
(b) Side orientation 
(c) 45 Up orientation 








Figure A.6 (continued) 
